Abstract-Design, optimization, and performance analysis of a three-phase field-excited flux switching (FEFS) motor to be employed for the future hybrid electric vehicle (HEV) drive applications is investigated in this paper. The stator of designed motor made of electromagnetic steels is composed of unique field mmf source and armature coils while a rotor is made of iron stack. This design has been evaluated in order to achieve power and torque density higher than 3.50 kW/kg and 210 Nm, respectively, so as to compete with the interior permanent magnet synchronous (IPMS) motor commonly installed in HEV. Given its robust rotor structure, the maximum achievable motor speed went up to 20,000 rpm. To perfect the motor design, a deterministic optimization approach was applied to meet the stringent performance requirements. In addition, experimental analyses were carried out to confirm the effectiveness of the proposed motor. Positively, the proposed FEFS motor has proved to be a suitable candidate of non-permanent magnet motor for efficient and safe HEV drive.
INTRODUCTION
Driven by concern about the environment, automakers, government, and automobile users retain a keen interest in electric vehicle (EV) and hybrid electric vehicle (HEV), which makes the research in this area intriguing. As electric motors are the core of electric propulsion system, initiatives to develop advanced, state-of-the-art electric motors have been undertaken [1, 2] . So far to reduce environment pollution among other benefits, HEV is known to be the most promising green vehicle using combination of internal combustion engine (ICE) and one or more electric motors. DC motor, induction motor (IM), switch reluctance motor (SRM), and permanent magnet synchronous (PMS) motor are potential candidates of electric motors for HEV drives, as shown in Fig. 1 . Among them, DC motor has the ability to operate only at DC supply and therefore widely used in HEV. Besides, the DC motor can be simply controlled based on the orthogonal disposition of field and armature mmf. However, the maintenance problem due to the use of commutator and brush, DC drive encounters renders it unsuitable for HEV and less reliable for maintenance-free drive [3] [4] [5] [6] .
Researchers have investigated the possibility of IM -a non permanent magnet (PM) motor -among brushless machine for electric propulsion system. Cage IM is acknowledged as the most possible candidate due to reliability, cost-effectiveness, ruggedness, and capability of operating in hostile environment. Nonetheless, its relatively low efficiency in the low speed, light load region of HEV may affect fuel consumption and degrade system efficiency. Additionally, IM drive has such problems of low torque density and low power factor which contradict the requirement for high electric loading. These stringent conditions particularly turn into major disadvantages of IM, thus eliminating it from being a suitable candidate for electric propulsion system of HEV [7] [8] [9] . Meanwhile, SRM, a non-PM motor, is familiarly recognized to have great potential for HEV applications. Its merits include low manufacturing cost, fault tolerance, simple and rugged construction, simple control, and much better torque-speed characteristics than IM. Overall, SRM has the ability to operate at very wide constant power range. However, it has disadvantage and unsuitable for HEV propulsion system due to large torque ripples, vibration problem, acoustic noise which imposes excessive bus current ripple, special converter topology, and electromagnetic interference that causes additional noise [10] [11] [12] [13] [14] .
In contrast, IPMS motor is brushless machine and has various attractive characteristics compared with other machines installed in HEV. Hitherto, IPMS motor retains its competitive advantage over other electric motors concerning HEV's electric propulsion system. In fact, the renowned automakers such as BMW, GM, Renault-Nissan, Toyota, Honda have long adopted IPMS motor in consideration of its advantages of small size, light weight, high power density, high reliability, high torque, and high efficiency. In 2009, IPMS motor was successfully installed on Toyota Prius [15] . This can be verified by historical development in the power density of main traction motor installed on Toyota HEVs. Over the years, power density of IPMS motor has been improved by at least five times, with enhancement more conspicuous than its first appearance in Toyota Prius in 1997 [16] . Although it is very hard to ameliorate the torque density of a motor, integrating a reduction gear has enabled elevation of the axle torque necessary for propelling large vehicle. Along this line, one effective strategy to increase the power density of a motor would be to combine high-speed motor with reduction gear. For dualexcitation switched-flux (DESF) motor, the PM volume is reduced by half of that employed in IPMS motor, yet maintaining the power density at maximum value [17] . Nevertheless, compared with dualexcitation switched-flux (DESF) motor, IPMS motor is heavier because it consists of more components and materials. In this regard, dual-excitation FSM motor prides itself on lower cost and smaller size.
However, with the growing demand for EVs and HEVs, the annual consumption of rare-earth PM by IPMS motor has increased accordingly. This causes the prices of Neodymium (N d ) and Dysprosium (D y ) -an essential additive to provide the rare-earth PM with high coercivity -to rise markedly. Together, they raise serious concerns about soaring cost, security matters, and supply shortages. Hence, continuous research effort to develop electric motors with robust rotor structure and high power density without relying on rare-earth magnet is of the utmost importance [18] .
To overcome the above mentioned obstacles, PM of DESF motor can be eliminated by FE coil excitation only on the stator, to form FEFS motor as shown in Fig. 2 . Briefly, the principle of operation of FEFS motor is based on switching the flux polarity linking with the armature coil windings by altering the rotor position. Single-phase FEFS motor with 4 stator slots and 2 rotor poles (4S-2P) composed of a FE coil, fully-pitched windings on the stator, and a toothed rotor structure is demonstrated in Fig. 2(a) [19] . As clearly illustrated, the two armature coils and a FE coil are overlapping each other in the stator. The practicability of this motor design has been investigated for various applications requiring high power density with a good level of durability [20, 21] . In this design, desired flux orientation for rotation is provided by the single-phase AC armature windings and DC FE coil arrangements. The required torque is produced by variable mutual inductance of windings making it different from SRM. In fact, the single-phase FEFS motor together with a power electronic controller has very low cost and is easy to manufacture yet with impressively high throughput [19] . Furthermore, being an electronically controlled brushless motor, it has longer lifetime, is flexible, and allows precise control of speed, torque, and position at no additional cost compared with other machines. Another example of single-phase 8S-4P FEFS motor is shown in Fig. 2 (b) [22] . When field current is applied to the field winding in four of the slots, four-pole magnetic field is formed. The armature winding in the remaining four slots is pitched over two stator teeth. A set of four stator poles carry flux while the rotor position is determined by current's direction in the armature winding. As FE coil is excited by current of single polarity, it will have direct connection either in parallel or in series with DC supply of power converter which feeds bipolar current into the armature winding. The theory underlying this design is explained in [23] , where single-phase 8S-4P FEFS motor is compared with IM and demonstrates higher output power density as well as better efficiency. Nonetheless, the single-phase FEFS motor has some demerits fixed direction of rotation, large torque ripple, low starting torque, and overlapping windings between FE coil and armature coil. Two single phase FEFS motor topologies with DC field and armature windings having the same coil-pitch of two slot-pitches and different coilpitches of one and three slot-pitches, respectively, have been discussed [24] . It is shown that the iron loss of FEFS motor has been reduced, thus increasing the efficiency. Nonetheless, these topologies have problem of less efficiency due to overlap windings as illustrated in Fig. 2 (c) than single-phase FEFS motor with non-overlap windings. Single-phase 12S-6P FEFS motor with segmental rotor has been designed for high density air-conditioner and discussed in [25] . Due to non-overlapping windings, the proposed motor has less copper losses as shown in Fig. 2(d) than single-phase FEFS motor with salient rotor. Although single-phase 12S-6P FEFS motor has the capability to produce high output power, it is unsuitable for high-speed applications due to non-robust segmental rotor. Performance analysis of single-phase 8S-8P FEFS motor, depicted in Fig. 2(e) , is discussed in [26] . The proposed motor has high cogging torque, overlap armature and field windings which make it not suitable to be applied to any electrical equipment.
To meet the rigid performance requirements, a three-phase 24S-10P FEFS motor has been built upon the existing 24S-10P PMFS motor, by replacing PM with FE coil at the stator and arranging FE coil windings at the upper half layer of armature coil slots as illustrated in Fig. 3 (a) [27] . It is noticeable that FE Coil-1 and FE Coil-2 are arrayed along with alternate DC current source polarities to produce two flux polarities, similar to PM polarity of 12S-10P PMFS motor. The main disadvantage of this configuration is that the isolated and unused stator teeth, as highlighted by red circles, decrease the overall motor performance.
To improve the drawbacks of FEFS motor, 12S-8P segmental rotor FEFS motor has been proposed, as shown in Fig. 3 (b) and experimentally analyzed [28] . Non-overlapping windings arrangement is employed which gives shorter end windings than tooth rotor structure with distributed or overlapping windings. This design has noteworthy gains over other designs as it consumes less conductor materials, accordingly enhances the overall efficiency due to reduction of copper loss. However, the motor is not suitable for high-speed applications due to less robust structure. FEFS motor with single polarity FE coil was discussed in [29] , as illustrated in Fig. 3 (c). FEFS motor with single polarity FE coil has advantages of low copper loss and less leakage flux than dual FE coil windings. The field-weakening capability of FEFS motor is improved using toroidal dc field winding, as shown in Fig. 3 (d) [30] . Although the proposed machine has generated high torque, the copper losses will be high due to overlapping windings. In recent years, in-wheel motor for EV drive train system raises the challenge for motor design and is increasingly considered due to its numerous advantages of high efficiency, no mechanical axis and independent wheel controllability. Additionally, more cabin space is available due to the elimination of differential and mechanical axis conventionally used in most of existing HEV. In view of the fact that the outer-rotor configuration is more suitable for direct drive, the PMFS motor with outer-rotor has been explored only for light EV applications [31] . It provides essentially high torque at low speed and sinusoidal back-electromotive force (emf). However, it is difficult to control flux of PMFS motor which requires field weakening flux at high-speed conditions. 12S-10P outer rotor FEFS motor has been investigated conventionally and discussed in [32] , as illustrated in Fig. 3 (e). Salient rotor structure with high mechanical strength and less cost due to no PM are clear advantages of this machine while overlapping windings arrangements create problem of high copper losses. It can be concluded from the discussions that all motors have various problems that must be resolved for their practical implementation.
In this paper, the design, optimization, and performance analysis of 12slot-10pole FEFS motoran alternative non-PM motor for HEV drive -is elucidated. The motor stator consists of laminated iron core, armature coils, and DC FE coils as the sole field mmf source. As with SRM, the rotor of this motor is made only of laminated iron core. Since the motor is driven by three-phase sinusoidal current/voltage, the acoustic noise is not a concern [33] . Retrospectively, design feasibility studies in accordance to two-dimensional finite element analysis (2D-FEA) are conducted to attain the desired targets of power density higher than 3.5 kW/kg and maximum torque greater than 210 Nm. Using the prototype of final FEFS motor design, a few experimental tests are performed. Encouragingly, experimental outcomes confirmed that the proposed motor is a suitable candidate of non-PM traction motor for HEV drive.
DESIGN SPECIFICATIONS AND RESTRICTIONS FOR TARGETED HEV APPLICATIONS
The design specifications and restrictions of FEFS motor for HEV applications are shown in Table 1 , taking the estimated and available values of IPMS motor in [11] as reference. Assuming that there is only one water cooling system, the current densities of FE coils and armature windings are respectively set to the highest values of 21 A/mm 2 and 21 A rms /mm 2 . The stack length of stator core and the outer diameter of stator are identical to those of IPMS motor. Given the laminated iron core, the rotor structure of the proposed motor is expected to be mechanically strong for high-speed rotation. Indeed, the motor is capable to operate at maximum speed up to 20,000 r/min. As for the required maximum torque of 210 Nm, it is decided by realization of maximum axle torque -comparable to that of IPMS motor -via reduction gear at a ratio of 4 : 1. Similar to that of IPMS motor, the maximum output power is set to be greater than 123 kW while the calculated weight of motor is less than 35 kg, yielding the highest power density of 3.5 kW/kg. In this investigation, a commercial FEA solver, JMAG released by JSOL Corporation, is used for 2D-FEA. The partial differential equation based on Maxwell's equations explaining the physical behaviour of the magnetic field distribution in the x-y plane cross section of the machine solution domain discussed in [34, 35] can be stated as,
where J z , B z are the axial(z) components of the total current density and magnetic vector potential, and ν is the magnetic reluctivity of the medium. Meanwhile, the current density, J z , in Eq. (1) is uniformly distributed in the field and armature windings. The whole procedure to model the electric machines using finite element method is discussed in [36] . The finite element computations are performed to analyse the performance of proposed motor and further validated experimentally. Figure 4 displays the cross-sectional view of initial FEFS motor design, with black and dotted lines representing FE coil and armature coil, respectively. Visibly, the motor has 10 rotor poles and 12 armature coil slots in the stator. Each of the twelve FE coil slots is arranged unvaryingly in the middle of every corresponding armature coil slot. Technically, DC is applied to FE coils to create 6 south poles interspersed with 6 north poles. At a standstill, the generated magnetic fields circulate around rotor poles to form a complete cycle. As the rotor rotates, the polarity of magnetic fields is switched alternately by chasing the rotor pole position. The three-phase armature coils are quartered at regular intervals in the stator body, as represented by red-yellow-blue color in the figure. When the rotor begins rotating, the fluxes produced by mmf of FE coils start linking with armature coils. When the rotor rotates through 1/10 of a revolution, the flux linkage with armature coil makes just one electrical cycle, and thus, the induced voltage frequency in armature coil turns into ten times of the mechanical rotational frequency. As with SRM, the designed motor is suitable as well as robust for high-speed operation as long as its rotor consists only of single-piece iron core. In this research study, the selection of 12slot-10pole motor is justified by the following reasons: First, it is considered the best minimum slot-pole combination to avoid odd rotor pole number, which leads to unbalanced pulling force [37] . Second, get around much torque ripples, as in the case of 8-pole or 4-pole machine [38] . Third, strike a good balance between stator and rotor's tooth widths for reducing unavoidable torque pulsation. On the whole, the choice of preliminary FEFS motor design is based on the general suppositions as follows [17, 27] :
CONFIGURATION OF INITIAL 12SLOT-10POLE FEFS MOTOR
(i) The split ratio (rotor outer radius divided by stator outer radius) for an electric motor is 0.6 to 0.7.
(ii) The rotor outer radius for FEFS motor is set to be 92.4 mm, that is 70% of stator outer radius of 132 mm. (iii) The opening angles of armature coil slots, FE coil slot, and stator teeth are set identically as 7.5 • .
All FE coil slot and armature coil slots are rectangular in shape having the same slot depth. These conditions avoid magnetic saturation in the teeth, ensure sufficient mmf contributed jointly by armature coils and FE coil while facilitating design optimization. (iv) The opening angle for each rotor pole is calculated by dividing the sum of opening angles of stator teeth by the number of rotor poles. In the case of 12slot-10pole motor, the opening angle for every rotor pole is set to be 18 • , which is one-tenth of the sum of opening angles of stator teeth of 180 • . It is important to note that narrower opening angle of a rotor pole will give rise to magnetic saturation in rotor teeth. In contrast, too wide an opening angle will make fluxes flow more easily from the stator, during which some of the flux movements may create negative torque. (v) The stator back yoke thickness is set as 6 mm -half of inner tooth width of stator -to assume that the flux flowing in the tooth is divided into two adjoining yokes. (vi) The rotor pole depth is set to be 30.8 mm, that is one-third of rotor outer radius, ensuring sufficient thickness of rotor back yoke whereas avoiding flux leakage due to fringing.
DESIGN PARAMETERS AND PROCEDURE
Drived performance parameters of initial FEFS motor design are computed and evaluated at the beginning of the design process. The power and maximum torque are 74.1 kW and 154.5 Nm, respectively, which are far from the required values. In an effort to ensure that performance targets are met, free design parameters are defined as D 1 to D 7 (see Fig. 5 ). The deterministic optimization method proposed by [17] 4 and D 5 that brings about target values -in terms of power capability and maximum output torque -is determined under specific mmf of armature windings corresponding to the assigned D 6 and D 7 . Lastly, the design parameters D 6 and D 7 are altered though the foregoing parameters are kept constant. These steps result in a set of seven design parameters D 1 to D 7 which enable FEFS motor to achieve well-balanced performance under the limitations of the given maximum voltage, current, and current densities. For the sake of perfection, the aforementioned design procedure is repeated by varying D 1 to D 7 until the targeted power and torque are attained. Throughout the optimization process of design, the air gap length is set as 0.8 mm. To ensure smooth flux flow around the slots and consideration of the manufacturing constraint, the circled corners in Fig. 5 are reshaped with circular line in final design. Fig. 6 shows the cross-sectional view of final FEFS motor, while Fig. 7 shows the comparison of flux vector diagram under maximum current densities of armature (J amax ) and FE coil (J emax ) between initial and final FEFS motor designs. Evidently, high flux density saturation is observed at stator back yoke as compared with the final design that has been mitigated. In reality, the stator back yoke thickness in the final motor design has been expanded in order that much flux can flow easily without any hindrance to boost the maximum torque value. Table 2 summarizes the comparison of design parameters between initial and final designs. 
PERFORMANCE PREDICTION FOR 2D-FEA-BASED FINAL FEFS MOTOR DESIGN

Distribution of Field Flux by FE Coil Excitation and Induced Voltage Waveforms
The finite element computations based on Eq. (1) are performed on the full geometry of final FEFS motor design with appropriate boundary conditions. The field flux distribution generated by FE coil excitation has the maximum current density (J emax ) at four electrical positions of rotor, as shown in Fig. 8 . In accordance with rotor position displacement, the polarities of field fluxes linked with threephase armature coils are switched, thereby realizing the term "flux switching". The induced EMF waveforms due to various FE coil current densities (J e ), at speed of 3000 r/min, are presented in Fig. 9 . Note that waveform amplitudes at FE coil excitation below 10 A/mm 2 increase linearly with increasing current densities, whereas those at FE coil excitation above 15 A/mm 2 are highly saturated. Nonetheless, this high magnetic saturation above 15 A/mm 2 contributes to power factor improvement so that the maximum power capability is increased. 
Torque and Power Factor Versus J a and J e Curves
Figure 10 reveals torque versus FE coil current density (J e ) curves at different armature winding current densities (J a ). At J a below 12 A rms /mm 2 , the torque value becomes constant as it attains a certain value in spite of any additional increment in J e . This indicates that a sound balance between mmf of armature winding and FE coil requires to be considered in order to obtain the desired torque and minimize copper losses in the FE and armature coils as well. A qualitative justification for this phenomenon is that when the motor is operated by high field winding mmf and less armature winding mmf, a negative torque will produce, and accordingly, the increase in FE coil mmf cancels out the increase of positive torque. Conversely, when less FE coil mmf and extremely high armature winding mmf are fed to the motor, a negative torque is developed and as a result, any increase in positive torque will oppose the increase of armature winding mmf. Figure 11 portrays how J e changes with power factor in response to varying J a . Firstly, the power factor is calculated by assuming that the voltage drop due to resistance is negligible relative to the induced EMF. Noticeably, the power factor is improved by larger mmf of FE coil, even when very large mmf of armature winding is supplied. As discussed before, this is an outcome of armature reaction L q i q produced by armature winding mmf being saturated in accordance with severe magnetic saturation resulting from greater FE coil excitation. As with torque curves, power factor curves manifest the same trend. Specifically, when maximizing power factor, a good balance between FE coil mmf and armature winding mmf must be maintained so as to achieve the reference torque under specified speed. Moreover, as the inverter conduction loss depends on power factor, the current commands for both armature winding and FE coil at the given operating points have to be carefully optimized so that the motor is controlled with the highest system efficiency. Induced voltage waveforms at 3,000 r/min. . J e vs. power factor curves.
Torque and Power Versus Speed Curves
The comparison of torque and power versus speed characteristics between final FEFS motor design and IPMS motor is depicted in Fig. 12 . For IPMS motor, the maximum torque of 333 Nm is attained at approximately 2100 r/min. As for FEFS motor, at base speed of 5,707 r/min, the obtained maximum torque is 212.9 Nm while the corresponding power achieved -with power factor of 0.618 -is 127.3 kW. Due to its constant and high power at high-speed operating region, the power-speed characteristic of FEFS motor is obviously better than that of IPMS motor. From baseline speed to maximum speed of 20,000 r/min, the constant power speed range (CPSR) is attained successfully. The calculated total weight of motor, which includes rotor and stator iron cores in addition to all the coils, is 26.3 kg. This yields maximum power density and torque as high as 4.8 kW/kg and 8.1 Nm/kg, respectively. The targeted axle torque via reduction gear at a ratio of 4 : 1 is about 846.8 Nm -almost equal to that of IPMS motor. Although gear weight increases with gear size, it may not be too significant and can be compensated for by roughly 19% weight reduction in the final machine design. Additionally, the speed of the proposed motor can be further manipulated by applying the techniques discussed in [39] . IM and SRM have lower peak power density, i.e., 50 kW/48 kg and 50 kW/42 kg respectively, than 50 kW/30 kg for IPMS motor [40] , while the proposed FEFS motor has power density of 127.3 kW/26.03 kg, greater than IM, SRM and IPMS motor, respectively. Moreover, the final FEFS motor design has high torque density compared to 12S-8P segmental rotor FEFS motor due to saturation of rotor segments as well as high torque density than 12S-14P FEFS motor with toroidal DC winding due to limited torque generation as the field flux produced by FE coil close to outer surface of stator goes through outside of the stator instead of the rotor. The final FEFS motor design has 67% high torque density compared to outer rotor FEFS motor [41] .
Motor Efficiency and Loss Predictions
In Fig. 13 • of coil temperature. Additionally, the losses of iron -including hysteresis and eddy current losses -are computed by 2D-FEA using the 35H210 loss data sheet provided by the solver. Figure 14 shows the summary of a detailed analysis of iron losses, copper losses and predicted efficiency for the final FEFS motor design. Briefly, P i and P c are the sums of iron and copper losses, respectively, while P o is the output power. The motor efficiency reaches 92.8% at operating point No. 1 -with an output power of 127.3 kW while the copper and iron losses are 6.75 kW and 3.09 kW, respectively. At operating point No. 2, where the output power is 130 kW, and the combined copper and iron losses are 12.1 kW at 15,000 r/min, the motor attains efficiency of 91.5%.
Furthermore, under relatively high average torque of 100 Nm mentioned as operating points No. 3 to No. 5, the average FEFS motor efficiency is slightly above 92% while for operating points No. 6 to No. 8 under 50 Nm torque, the motor efficiency is averagely 91%. This degradation in efficiency is probably contributed by high iron losses rather than copper losses. Thus, the current commands for FE coil and armature windings must be optimized through reduction of iron losses in order to achieve better motor efficiency. 
EXPERIMENTAL RESULTS
The test motor for final FEFS motor design is built according to the dimensions specified in Fig. 6 and Table 2 . The external views of this test motor and its stator and rotor assemblies are unveiled in Fig. 15 . Fig. 15(a) shows the assembly of 70 mm stator core stack which comprises 200 pieces of electromagnetic steels (35H210). Fig. 15(b) uncovers the FE coil and the three-phase armature windings housed in 24 slots. The entire motor assembly completed with the rotor core is displayed in Fig. 15 (c). The prototype of the final FEFS motor is enclosed by water cooling jacket and experimental bench for data measurement is illustrated in Fig. 15 (d).
Measured Induced Voltage Waveforms at 1000 r/min
Under the conditions of all three-phase armature windings being in an open circuit and operated at a speed of 1,000 r/min, the changes of induced voltage waveforms with varying FE coil mmf are measured. The comparison between 2D-FEA-computed and measured induced voltage waveforms is shown in Fig. 16 . The twelve FE coils are connected in series, and there are 44 turns per FE coil. The mmf per FE coil -in the unit of AT -is calculated from the DC current of FE coil multiplied by 44 turns. To be precise, the mmf of FE coil at 524 AT, 1048 AT, 1571 AT, and 2200 AT corresponds respectively to FE coil current density of 5 A/mm 2 , 10 A/mm 2 , 15 A/mm 2 , and 21 A/mm 2 . Positively, the 2D-FEA-computed and measured induced voltage waveforms are found to be in good agreement.
Armature Coil Current Versus Torque Characteristics
The curves of armature coil current versus measured torque are plotted in Fig. 17 . During the test, the armature current varies from 0 to 154.8 A rms , that is about 60% of the maximum armature current of 260 A rms achieved at the design stage -a constraint attributable to the limit of maximum inverter current. As for FE coil mmf, its variation ranges from 0 to 2200 AT, as in the induced voltage measurement. Overall, the calculated torque curve -obtained by 2D-FEA -coincides well with the actual design. The proposed final FEFS motor design has produced average torque of 122 Nm at armature current of 154.8 A rms and FE coil mmf of 2200 AT. In slanted air-gap structure of an IPMS motor with brushless field excitation for application in HEV [42] , the output torque of 132.45 Nm was obtained during the test at maximum armature current of 200 A and FE coil mmf of 4325 AT. The IPMS motor with brushless excitation has utilized almost double FE coil mmf of FEFS motor to produce 7.8% high average torque compared to FEFS motor. Moreover, the consumption of rare earth PM and high FE coil mmf by IPMS motor with brushless field excitation has raised the cost and copper losses. Being limited by maximum inverter current, the experimental torque curves at FE coil of 2200 AT are estimated by extrapolating the graph up to maximum armature current of 260 A rms . The resultant maximum torque is about 205 Nm, which is close enough to the target of 210 Nm, as calculated from 2D-FEA.
CONCLUSION
A three-phase 12slot-10pole FEFS motor employing salient pole rotor for traction drive applications is investigated in this paper. The design, optimization and performance analysis of low cost FEFS motor is presented. For an accurate analysis of the proposed FEFS motor and to perform the sensitive analysis, a 2D-FEA is used. The final design of FEFS motor is built and tested. The final motor design successfully fulfils the required power and maximum torque under specific restrictions for the targeted HEV application. Comparison between the 2D-FEA predicted values and measured results demonstrates good agreement that clearly confirms the effectiveness of design optimization and approach. Furthermore, the final design FEFS motor achieves power density of 4.8 kW/kg, greater than IM, SRM and IPMS motor, respectively. To conclude, the proposed motor is undoubtedly a good candidate of non-PM motor for future HEV drive.
